Angle-resolved photoemission is employed to measure the band structure of TiSe 2 in order to clarify the nature of the (2 3 2 3 2) charge density wave transition. The results show a very small indirect gap in the normal phase transforming into a larger indirect gap at a different location in the Brillouin zone. Fermi surface topology is irrelevant in this case. Instead, electron-hole coupling together with a novel indirect Jahn-Teller effect drives the transition. TiSe 2 is one of the simplest and most studied charge density wave (CDW) compounds. It undergoes a (2 3 2 3 2) transition below T c 200 K due to the freezing of a zone boundary phonon mode [1 -3] . Surprisingly, the mechanism for this seemingly elementary transition remains a puzzle after decades of research. It does not seem to fit the standard textbook model based on Fermi surface nesting [4] . Self-consistent calculations of the electronic structure have found the normal phase to be metallic with a small negative indirect gap across G and L, and there is no obvious nesting [5, 6] . Alternate theoretical ideas have been proposed, including a band Jahn-Teller effect [7, 8] and a carrier-suppressed ferroelectric transition [9] , but none of these has been verified by experiment.
This issue can be resolved, in principle, by angleresolved photoemission measurements of the band structure [10] [11] [12] [13] [14] [15] . Numerous attempts, however, have yielded inconsistent results, and the data are generally too coarse or sparse to allow a detailed understanding of the effect of the transition on the band structure. The present work reexamines this system with a high resolution. Contrary to theoretical findings of a band overlap in the normal phase, our results show a very small indirect gap across G and L. Upon cooling to below T c , the occupied valence band is depressed in energy, resulting in a larger gap and a lowering of the electronic energy. The minimum of the unoccupied conduction band moves to a new location, and the gap remains indirect. No Fermi surface nesting is involved in this semiconductor-to-semiconductor transition, and none of the previously proposed models can properly describe the behavior. Our analysis in terms of a reduced Hamiltonian indicates that electron-hole coupling and an indirect Jahn-Teller effect drive this unconventional CDW transition.
The photoemission experiment was performed at the Synchrotron Radiation Center in Stoughton, Wisconsin. The system energy resolution was set to less than 20 meV, and the angular resolution was 0.35 ± . The samples were grown by iodine vapor transport with a temperature gradient of 570-640 ± C. Sample stoichiometry was checked with resistivity and x-ray measurements [3] . Figure 1 (a) shows a drawing of the Brillouin zone in the normal phase. Below T c , a (2 3 2 3 2) distortion folds the L point back to the zone center at G. The discussion below uses the k space notation for the normal phase, and the peak assignment is based on the calculated band structure. Our detailed survey of the bands shows that TiSe 2 in the normal phase has a small, almost zero, indirect gap with the occupied valence band maximum at G and the unoccupied conduction band minimum at L. Figure 1(b) shows spectra taken near the G point at two temperatures, one above and the other below T c . The gray scale indicates the photoemission intensity, and the dispersion direction (horizontal axis) is along the G-K direction. At 260 K, two spin-orbit-split [11] valence bands derived from the Se 4p states are seen to follow closely a parabolic dispersion. The top of the upper valence band lies very close to the Fermi level. Fitting of the energy distribution curves at various k with a Fermi-Dirac function for thermal cutoff has revealed the top of the upper valence band to be at a binding energy of 0.030 eV. This small binding energy leads to a significant emission intensity at the Fermi level, and the band is thermally populated by holes. This emission at the Fermi level is not due to a hole pocket at G as reported in some previous studies. Upon cooling to 100 K, the band structure near G is significantly altered. The top of the upper band is depressed to higher binding energies, and the lower band is similarly affected, although to a lesser degree. Both bands become considerably flattened near the zone center and are no longer parabolic.
Figure 1(c) shows spectra taken as before but centered at the L point [16] . The dispersion direction (horizontal axis) is along the L-H direction. Above T c , the main emission is almost right at the Fermi level, with a broad tail toward higher binding energies. A linear cut through L yields the spectrum shown in Fig. 2(a) . The Fermi level cuts through the main peak above the half-height point (in fact, almost at the peak), indicating that the corresponding state at about 0.13 and 0.21 eV. These can be identified as umklapp features derived from the Se bands at G folded onto L due to the (2 3 2 3 2) lattice distortion. Similar peaks, with much reduced intensities, can be seen in Fig. 2(a) , which can be attributed to fluctuation, or dynamic umklapp effects associated with the Kohn anomaly at L for T . T c [17] . To further elucidate the band structure near the conduction band minimum, data were taken near the L point along the L-A line. Figure 2 (c) shows such a spectrum at 100 K. As expected from band calculations, the folded Se bands have shifted to higher binding energies. The Ti conduction band at this point is just slightly above the Fermi level and gives rise to a peak almost right on the Fermi level. This spectrum illustrates that the conduction band minimum in the CDW phase deviates significantly from its initial position at L.
The experimental band structure is summarized in the composite band diagrams in 
which describes the essential physics within the subspace near the gap. The diagonal matrix elements V and V 0 represent the two occupied spin-orbit-split Se 4p valence bands in the normal phase, and are paraboloids of the form
where i V or V 0 , E V and E V 0 are the band edge energies, and m V and m V 0 are the effective masses. The diagonal element C in Eq. (1) represents the unoccupied Ti 3d conduction band in the normal phase. It is also a paraboloid, but is centered about the L point and has different effective masses along the two principal symmetry directions L-A and L-H. It appears three times in H due to the threefold degeneracy of the conduction band, as there are three independent L points in the first Brillouin zone. The diagonal elements C, V , and V 0 alone (with I I 0 D DE F 0) give rise to the parabolic bands shown in Fig. 3(a) for the normal phase.
The off-diagonal constants I, I 0 , and D are interactions that drive the system into the CDW phase. I and I 0 represent coupling between the valence and conduction bands. D represents coupling among the three symmetryrelated conduction bands, and is sometimes referred to as a crystal-field-splitting term. The effect of D alone is to split the three conduction bands into a lower, nondegenerate A band and a higher, doubly degenerate E band. The E band is unoccupied and not observed in the experiment. The A band, pushed down in energy due to the interaction, would overlap with the top valence band V. This overlap is, however, avoided by the coupling term I. As a result of this interaction, the parabolic valence bands in the normal phase become flat topped as seen in Fig. 3(b) . The A band now exhibits split minima in k as seen in the experiment, and the conduction band minimum is no longer at the L point.
We have carried out first-principles density-functional calculations of the band structure. The normal phase is found to have a small negative gap, in agreement with previous calculations [5, 6] , but in disagreement with the experiment. Furthermore, the total energy of the normal phase and the CDW phase is essentially the same with no obvious energy lowering associated with the lattice distortion. Both findings are not surprising for such a small-gap system, and suggest that not all many-body effects are captured in the local-density approximation.
All evidence thus points to electron-hole coupling (or an excitonic mechanism) as an important ingredient for the transition. This coupling was first discussed by Knox [18] and later developed further by Kohn [19] . The Hamiltonian in Eq. (1) is similar to the one used by Kohn, with I and I 0 representing the electron-hole coupling. The only difference is that the conduction band degeneracy and the spin-orbit splitting of the valence bands are included in our analysis. The key feature or requirement of this mechanism is a small gap accentuating the electron-hole coupling. In the present case, the lattice distortion leads to a splitting of the degenerate conduction bands. This is similar to the Jahn-Teller effect except that the splitting occurs in the unoccupied states, and there is no energy lowering for the system. The bottom conduction band, however, cannot overlap the valence band due to the electron-hole coupling, and the consequence is that the top of the valence band gets pushed down, resulting in a lowering of the system energy. We call this an indirect Jahn-Teller effect, as the occupied band itself does not split, but is instead pushed down by the splitting of the conduction bands. The conduction band degeneracy and splitting, ignored in the work of Kohn [18] , turns out to be a critical feature in this case. The parameters deduced from the band fitting are listed in Table I . The effective masses for the bands and the splitting of the conduction bands are similar to the results of our density functional calculations. The magnitudes of I and I 0 are small and consistent with the usual excitonic coupling energy found in semiconductors. The term DE F represents an overall shift of the bands relative the Fermi level after the CDW transition. The exact location of the Fermi level in the gap can be affected by stoichiometry, doping, temperature, and possibly surface effects [12] . Measurements have shown that electrical transport in bulk TiSe 2 for T . T c is dominated by holes [3] . Our experiment reveals significant hole and electron concentrations due to the small gap. Estimates based on our band structure agree that the hole channel dominates. For T , T c , electron conduction dominates based on transport measurements [3] . This is consistent with the result shown in Fig. 3 that the conduction band minimum is very close to the Fermi level. It should be noted that even a perfectly cleaved surface can induce a perturbation in the region probed by photoemission. Although the effect is likely to be small for layered compounds, the results discussed above must be understood within this context.
To conclude, photoemission measurements of the band structure of TiSe 2 reveal an unconventional CDW transition from a very small gap semiconductor in the normal phase to another semiconductor with a larger gap in the CDW phase. The gap remains indirect, albeit at different locations in the Brillouin zone. Previously reported electron and hole pockets do not exist in this system, and the emission at the Fermi level is due to thermal tails of bands that nearly graze the Fermi level. Since the system is never truly in a metallic state, concepts based on Fermi surface topology are irrelevant in this case. Our analysis clarifies the nature of the CDW transition as one involving a combination of electron-hole coupling and an indirect Jahn-Teller effect.
